Three-dimensional neural organoids are emerging tools with the potential for improving our understanding of human brain development and neurological disorders. Recent advances in this field have demonstrated their capacity to model neurogenesis 1,2 , neuronal migration and positioning 3,4 , and even response to sensory input 5 . However, it remains to be seen whether these tissues can model axon guidance dynamics and the formation of complex connectivity with functional neuronal output. Here, we have established a longterm air-liquid interface culture paradigm that leads to improved neuronal survival and allows for imaging of axon guidance. Over time, these cultures spontaneously form thick axon tracts capable of projecting over long distances. Axon bundles display various morphological behaviors including intracortical projection within and across the organoid, growth cone turning, decussation, and projection away from the organoid. Single-cell RNAsequencing reveals the full repertoire of cortical neuronal identities, and retrograde labelling demonstrates these tract morphologies match the appropriate molecular identities, namely callosal and corticofugal neuron types. We show that these neurons are functionally mature, generate active networks within the organoid, and that extracortical projecting tracts innervate and activate mouse spinal cord-muscle explants. Muscle contractions can be evoked by stimulation of the organoid, while axotomy of the innervating tracts abolishes the muscle contraction response, demonstrating dependence on connection with the organoid. Overall, these results reveal a remarkable selforganization of corticofugal and callosal tracts with a functional output, providing new opportunities to examine relevant aspects of human CNS development and response to injury.
Cerebral organoids 1 model early brain development with remarkable fidelity, but later neuronal maturation is limited by insufficient oxygen and nutrient availability due to the lack of a blood supply. Recent advances have been made to improve survival either by providing growth factors such as BDNF 5 or by transplanting neural organoids into a rodent host to allow for vascularization 6 . In an effort to improve oxygen supply but retain the accessibility and scalability afforded in vitro, we tested whether the classic approach of organotypic slice culture 7 at the air-liquid interface could be applied to organoids to improve long-term survival. After optimizing sectioning and culture conditions (see Methods, Figure 1a ), we found that air-liquid interface cerebral organoids (hereafter referred to as ALI-COs) displayed overall improved morphology compared with whole organoids (Figure 1b Staining for pre-and post-synaptic markers demonstrated synapses decorating these dendrites (Supplemental Fig. 1a ). We also observed various interneuron types and the presence of GABAergic synapses (Supplemental Fig. 1b-d These findings suggest the generation of mature neuronal morphology and activity in ALI-COs.
Because the slice culture is easily tractable for live imaging, we examined axon guidance in GFP-labelled neurons over long-time periods (Figure 2a Fig. 2d ) that became reinforced over time (Figure 2e ) rather than randomly filling with axons in all directions as is more typically seen in vitro 9 . Overall, the resultant axon bundles showed specific orientations and a high degree of coherency that is typical of tract morphology (Figure 2f, Supplemental Figure 2e ).
Interestingly, these axon tracts could be observed to project within local regions, across the organoid over long distances, and away from the organoid altogether (Figure 2e, Supplemental Fig. 3f ). Some tracts crossed in a manner similar to decussation (Supplemental Fig. 2f , Supplementary Video 6), with incoming growth cones retaining their directionality upon arrival at the intersection, while other growth cones and tracts could be seen exhibiting turning behaviors (Supplemental Fig. 2c , g, Supplementary Video 7) . Finally, axon bundles could be seen extending as a whole, with incoming growth cones projecting at a fast pace, while the tract leading edge progressed much more slowly (Figure 2g , Supplementary Video 8).
Live imaging results point to the establishment of diverse axon tract morphologies; however, these visible tracts are only a subset of axons labelled by electroporation.
In order to visualize the full diversity of axon tracts, we stained mature ALI-COs with SMI312, a broad marker of axons 10 , which could be seen originating within discrete lobules and merging to form dense axon bundles (Figure 2h ) reminiscent of intracortical tracts of the CNS. Furthermore, we observed outgrowth of axon tracts projecting away from the organoid (Figure 2i ), and retrograde tracing with the lipophilic dye DiI (Figure 2j ) better revealed the morphology of these escaping tracts as well as the location of the responsible projection neurons (Supplemental Fig. 2h ).
The presence of a variety of axon tract morphologies suggests that ALI-COs might display various neuron identities that could exhibit different projection behaviors. In order to test this possibility, we performed single-cell RNAseq on ALI-COs to examine the full repertoire of cell types. We analysed six slices from three ALI-CO preparations with an average of 4,427 cells per sample, which were processed through the 10X single-cell genomics platform (see Methods). Unbiased clustering of cell populations was achieved by principle component analysis (PCA) using highly variable genes as input and was visualized following dimensionality reduction using tSNE embedding (Figure 3a ). This resulted in the separation of six well-defined major clusters (C1-C6, Figure 3b ). GO term analysis (FDR > 0.1% with highest fold-enrichment) of the top 50 differentially expressed genes ( Figure 3c ) raised a possibility that developmental cell states define the main cell populations, reflecting stages of in vivo cortical development ( Figure 3d ). In support of this, gene expression correlation (Supplemental Fig. 3a ) and pseudotime analyses (Supplemental Fig. 3b , c) revealed a similar co-expression pattern of progenitor zone and neuronal layer marker genes in the organoids to that shown for the age-matched fetal brain. Thus, we next compared the average expression of developing cortical cell-type-, cell state-, and region-specific marker genes (see Methods). Cluster identities better corresponded with cell-types and maturity ( Figure 3e ) than brain region specific markers (Supplemental Fig. 3d, e ). This also supports previous findings that the enCOR method used as the starting material for ALI-COs preferentially generates a forebrain Interestingly, the overlapping cluster of upper layer neurons and intermediate progenitors suggests many of the upper layer neurons may still be quite immature, which would match previous findings that upper layer neurons are actively being generated at this time point (69-75 days) in organoid development 11 .
We then examined if the cluster forming cell types were associated with a gene expression profile that appropriately corresponds with their expected functional characteristics, such as axon-projection and neuronal circuit formation. Many of these were also present within the differentially expressed genes (Figure 3g ). Genes associated with axon outgrowth/tract formation (L1CAM, NRN1) were expressed more abundantly and at increased levels in the C1-2 clusters formed by extra-and intracerebral projection neurons and to lesser extent in the C4 population. The C4 cluster showed higher levels of more mature markers of excitatory and inhibitory synapse formation (VGLUT2, CNTNAP2, SYT4). The high relative expression of DLX2, DLX5, ERBB4 and VGAT in C5 further indicated a very distinct interneuron population and, together with histological data (Extended Figure 1b-d) , raised a possibility for the presence of early cortical circuits. Some cells with functionally relevant markers of astroglial maturity (AQP4, GJA1) and the oligodendrocytelineage (OLIG1, PDGFRA) were present in C3, but to a very low degree at this relatively early stage (C3). The C6 progenitor population displayed high levels of transcripts indicative of cell proliferation (CENPF, TOP2A), corresponding with the amplifying cortex-forming populations. Overall there was a well-defined association between cell-types and their expected function suggested by the molecular profiles in each cluster (Figure 3f , g).
To test whether, as seen in vivo, these upper and deep layer neuron populations in ALI-COs project as tracts with distinct morphology, retrograde labelling with cholera toxin subunit B (CTB) was performed on escaping and internal axonal bundles.
Whilst 93.9% (SD=0.9, n=3) of neurons projecting into escaping tracts stained positive for the subcortical projection marker CTIP2, 89.5% (SD= 4.8, n=3) of neurons projecting into internal bundles stained positive for the callosal projection neuron marker CUX2 (Figure h) . These data suggest the morphology of these tracts matches the correct molecular identity. Furthermore, staining for the specific marker of the developing corpus callosum, NRP1 12 , revealed a subset of internal projecting ALI-CO tracts ( Figure 3i ) that often appeared thicker and more fibrous than NRP1negative tracts (Figure 3j ).
We sought to test the functionality of these tracts, focusing first on the internal projecting tracts. We employed 3D multi-electrode arrays (MEAs) to perform extracellular recordings ( Figure 4a ) and infer the functional connectivity within ALI-COs from analysis of correlated spontaneous activity 13 . ALI-COs showed network bursts ( Figure 4b Figure 4d ). Interestingly, while the connections appeared stronger over shorter distances, the highest correlated activity occurred at a greater distance than the distance between two electrodes (which are 200 µm apart) suggesting these are not simply nearest neighbour connections but that there is a degree of spatial specificity in the connections made. Overall, these findings point to specific spatial patterns of connectivity within ALI-CO cultures.
We next examined the functionality of the escaping, extracortical projecting tracts.
ALI-COs were co-cultured with sections of the spinal column dissected from embryonic mice in which the associated peripheral nerves and paraspinal muscles were still intact 15 (Figure 4e ). After 2-3 weeks in co-culture, dense axon tracts from the ALI-COs fused with the mouse spinal cord ( Figure 4f Fig. 4i ). These findings provide evidence that ALI-CO tracts can produce functional output to an external target.
In conclusion, we find that by culturing cerebral organoids at the ALI, the tissue remains healthy over a very long period of time (we have tested up to 5 months).
Importantly, we performed sectioning of organoids after the establishment of the cortical plate as described previously 4 , thus first allowing proper tissue morphogenesis before ALI culture. In this way, the method is highly similar to slice culture typically performed on mid-neurogenesis stage fetal cortex 16 . The axon dynamics observed in ALI-COs is quite striking, and patterns that ensue, including turning behaviors, point to the possibility that there are endogeneous attractive or repulsive cues, similar to in vivo. The bundling behaviour further suggests proper tract formation, but importantly, it is distinct from the fasciculation sometimes seen in vitro where bundles form indiscriminately between all neighbouring clusters of neurons 17 . Finally, studies with MEAs and explant co-culture point to functional connectivity within and between ALI-COs and external targets. We further show that tractotomy demonstrates specificity and can be used to study the effects of lesion.
These experiments are the first to our knowledge to show a functional output from a neural organoid.
Methods

Plasmid constructs
The integrating farnesylated GFP construct (pT2-CAG-fGFP, Addgene #108714) and the sleeping beauty transposase plasmid pCAGEN-SB100X as modified from pCMV-SB100 18 (Addgene #34879) were used as previously described 4 
Generation of cerebral organoids
Cerebral organoids were generated as previously described according to the enCOR method in order to reliably generate forebrain tissue and a proper cortical plate 4 .
Briefly, 18,000 cells were plated with PLGA microfilaments prepared from Vicryl sutures. The original set of media described previously 4 or alternatively the STEMdiff Cerebral Organoid Kit (Stem Cell Technologies) were used for organoid culture.
From day 35 onward the medium was supplemented with 1% dissolved Matrigel basement membrane (Corning, cat. #354234) to achieve establishment of the cortical plate. Between day 40-60 of the protocol plasmids were delivered to the organoids by injection and electroporation in the ventricles. Approximately 1-2 weeks after electroporation the organoids were processed for ALI-CO culture.
Electroporation of cerebral organoids
Glass microcapillaries (Drummond Scientific, 1-000-0500) were pulled using a P2000 micropipette puller (Suttern Instrument) with the following settings: heat -550, filament -5, velocity -25, delay -150, pull -150. The microcapillaries were opened using dissecting scissors to obtain a tip taper of ~8-9 mm. A total of 5 µl of a 320µg/µl plasmid solution (280 ng/µl pT2-CAG-fGFP and 80 ng/µl pCAGEN-SB100) was used for injection and electroporation. Electroporation settings were as previously described 1 .
Air-Liquid Interface Cerebral Organoid (ALI-CO) culture and live imaging ALI-CO cultures were prepared using a modified slice culture protocol 19 °C and 5% CO2 with daily media changes. Media was provided only below the filter insert so that sections stayed at the ALI and were not submerged.
For live imaging, ALI-COs were left to flatten for at least one day before extended imaging on a Zeiss LSM 780 or 710 confocal microscope with incubation chamber set at 7% CO2 and 37 °C. Time lapse movies were taken at 10 minute intervals over several hours or days. Image analysis was performed in ImageJ. Temporal projection images were generated from time lapse stacks using the Temporal-Color Code tool in FIJI. Axon growth cone tracing was done using MTrackJ 20 with manual tracking of growth cones. Data was then exported and plotted as the distance from the start of the track over time. Linear regression was performed on all tracks and the average best fit line calculated for each group (late and early). Orientation analysis was done using the OrientationJ analysis plugin 21 using Gaussian Gradient setting, with hue determined by the orientation of tracts, brightness determined by coherency, and saturation set at constant. Kymographs were generated using the MultiKymograph tool.
Histological and immunohistochemical analysis
Organoids and ALI-COs were fixed in 4% PFA for 20 min at room temperature or overnight at 4 °C and washed 3 times in PBS. For cryostat processing, samples were incubated overnight in 30% sucrose. Embedding, cryosectioning and staining were performed as previously described 22 . Whole ALI-COs were stained using a modified protocol -all staining steps were done in permeabilisation buffer (0.25% Triton-X, 4% (Table S1) . A series of current steps (800 msec) of increasing amplitude (5pA increments) were applied in current clamp mode to determine the frequency-current relationship.
Organoid cell dissociation for scRNAseq
Organoid tissue slices (two H9 day 53+22, and four H1 day 53+16, three separate ALI-CO preps total) were transferred from the ALI into a conical tube containing For analyses of the latency, we simultaneously recorded the TTL triggers (which trigger the stimulator) and the camera "expose-out" TTL (which indicates when each frame is exposed) using an oscilloscope with a sampling rate of 200kHz (Picoscope 2406B). This allowed us to precisely (±5µs) measure the delay between the first frame of the movie and the previous TTL pulse, from which we could compute the time delay between each frame and the previous stimulation based on the hardware timestamps of each frame and the frequency of the TTL pulses.
Application of tetrodotoxin (TTX, 2 µM) abolished axon tract stimulation evoked muscle contractions after 15 minutes. Washing the fusion with warm media to remove the TTX restored the ability to evoke muscle contractions after 30 minutes in the incubator at 37 °C. For axotomy, the filters were retrieved from the imaging vessels, placed on a plastic support, visualized on an inverted cell culture microscope at 10X magnification and the incision was performed using a microknife (FST, cat. #10316-14). In order to detect the muscle activity from acquired image sequences, the average of the difference between two consecutive frames for the region of interest (ROI) was computed. The resulting temporal signal was then decomposed into the sum of a baseline, stimulation and residual motion. The baseline was estimated as a 1D rolling ball and the stimulation peaks were detected as outliers (12 x SD) from the mean. The overall processing was implemented as a macro for ImageJ that was applied to a selected ROI. The latencies were computed using a Matlab script as the delay between each recorded stimulation TTL pulse and the time when the nearest residual motion went above 1 a.u. as calculated by this motion detector plugin.
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